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Abstract : Understanding the age effect on soil carbon balance in 
forest ecosystems is important for other material cycles and forest man¬ 
agement. In this research we investigated soil organic carbon density, 
litter production, litter decomposition rate, soil respiration, and soil mi¬ 
crobial properties in a chronosequence of four Chinese fir plantations of 
7, 16, 23 and 29 years at Dagangshan mountain range, Jiangxi Province, 
south China. There was a significant increasing trend in litter production 
with increasing plantation age. Litter decomposition rate and soil respira¬ 
tion, however, declined from the 7-year to the 16-year plantation, and 
then increased after 16 years. This was largely dependent on soil micro¬ 
organisms. Soil carbon output was higher than carbon input before 16 
years, and total soil carbon stock declined from 35.98 t ha' 1 in the 7-year 
plantation to 30.12 t-ha 1 in the 16-year plantation. Greater litter produc¬ 
tion could not explain the greater soil carbon stock, suggesting that forest 
growth impacted this microbial process that controlled rates of soil car¬ 
bon balance together with litter and soil respiration. The results highlight 
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the importance of the development stage in assessing soil carbon budget 
and its significance to future management of Chinese fir plantations. 

Keywords: Chinese fir, soil microbial properties, litter production, litter 
decomposition rate, soil respiration, soil carbon stock 

Introduction 

Soil carbon cycling is an important component of the carbon 
balance in ecosystems (Nakane 1995). Small changes in the pro¬ 
cesses governing soil carbon cycling have potential to release 
large amounts of CO 2 (Janssens et al. 2001). Soil carbon is 
strongly influenced by biotic and abiotic factors in ecosystems, 
such as vegetation, microbial communities and soil condition 
(Ekschmitt et al. 2008; Wang et al. 2010; Hoffmann et al. 2012). 
In recent years, major efforts have been made to understand the 
interactions between environmental variables and soil carbon. 
Vegetation coverage, microtopography, soil fonnation, solar 
radiation and water availability are the dominant controls of soil 
organic carbon stocks (Hoffmann et al. 2012). Lemma et al. 
(2007) suggested that differences in soil organic carbon storage 
in different forest stands result more from litter input and the 
proportion of fine woody litter rather than from litter quality and 
microclimate. However, study of such interactions still remains a 
difficult task that is complicated by uncertainties in estimating 
soil organic carbon in forests. This is especially true where 
managed forests often consist of a series of plots of different 
ages (i.e. chronosequences), ranging from young to more mature 
stands. As forests age, a number of structural and physiological 
changes occur that are likely to affect key processes that control 
soil carbon cycling. Reliable estimates of soil carbon cycling are 
required to estimate the carbon balance and its components in 
young to mature forest stands (Law et al. 2001, 2003; Irvine and 
Law 2002; Tang et al. 2009). 

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook), a 
fast-growing, evergreen coniferous tree with high yield and ex¬ 
cellent wood quality (Wu 1984), has been planted widely in 
China. It accounts for 30% of all plantations in the country in 
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stands of various ages planted on fonner harvest sites (Wang et 
al. 2009; Anon 2010). Because of their wide distribution in Chi¬ 
na, Chinese fir plantations could play a significant role in the 
global carbon balance. Since the early 1980s many studies have 
quantified biomass production in Chinese fir plantations, and 
assessed variations in litter, soil respiration, soil organic carbon 
and soil nutrient cycling in different-aged stands (e.g. Ma et al. 
2007; Zhao et al. 2009; Wang et al. 201 la, b). However, it is still 
unclear how carbon cycling (carbon input and output) varies with 
stand age. We studied a Chinese fir plantation chronosequence 
(ages 7, 16, 23, and 29 years) to quantify and compare the varia¬ 
tion in soil organic carbon density, soil carbon input (litter de¬ 
composition rate, litter production), soil carbon output (soil res¬ 
piration) and soil microorganisms within a single study period. 
Our objective was to quantify flows and reservoirs of soil carbon 
in different-aged plantations to clarify the characteristics of soil 
carbon budgets in a Chinese fir plantation chronosequence. 

Materials and methods 

Study site and experimental design 

Our study area was at the Dagangshan Forest Ecological Re¬ 
search Station, Dagangshan (27°30'-27 o 50' N, 114°30’-114°45' 
E), Jiangxi Province, south China, which has a typical humid 
subtropical climate with distinct rainy and dry seasons. Mean 
annual precipitation is 1590 mm, of which approximately 45% 
falls between April and June, and 13% between October and 
December. The highest recorded maximum daily precipitation is 
195.7 mm and mean annual potential evaporation is 1503 mm. 
Mean annual temperature is 16.8°C and monthly mean tempera¬ 
ture ranges from 5.2°C in January to 28.8°C in July. The 
frost-free period is 265 days. The soils are dominated by red or 
yellow soils and their derivates (American Soil Taxonomy). 
Chinese fir is widespread at elevations of 300-700 m. Chinese fir 
was planted in clear-cut sites in natural broad-leaved forests. The 
plantations were thinned when trees reached middle-age and 
maturity. Plantations were clear-felled at 25-30 years and then 
replanted. Vegetation under the trees included Woodwardia ja- 
ponica, Miseanthus floridulus, Dicranopteris dichotoma, Loro- 
petalum chinense, Rubus trianthus, Erigeron acris, 
Clerodendrum cyrtophyllum, Parathelyteris glanduligera, 
Adinandra millettii, Maesa japonica, Smilax glabra, and Schima 
superba, among others. 

In 2009, we studied four Chinese fir plantations aged 7, 16, 23, 
and 29 years that represented young, middle-aged, near mature, 
and mature ages, respectively. Prior to planting of Chinese fir all 
sites had been used for one rotation of primary broadleaved for¬ 
est. Near mature plantations had been thinned under the standard 
practice for Chinese fir plantations (removal of alternate rows 
and cutting of the crowns of thinned trees on site). The charac¬ 
teristics of the four stand age classes are shown in Table 1. Three 
20 m*20 m measurement plots for each age class were estab¬ 
lished in March 2009. Three 1 mxl m subplots were randomly 
located in each plot. 
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Soil carbon input 

Litter was collected monthly from March 2009 to March 2010 in 
5 litter traps of 1 m x 1 m surface area along the diagonal of each 
plot (Li et al. 2005). Because the plantations were on a slope, the 
litter traps were supported by four posts to create a level surface 
area of 1 m 2 . Litter traps captured all litter from Chinese fir and 
understorey vegetation, not including some low understorey 
plants. The litter was oven-dried at 80°C to a constant weight for 
subsequent measurement of carbon content. 

To investigate litter decomposition, 200 g air-dried litter sam¬ 
ples (comprising foliage, twigs and cones, mixed according to 
their fractions in litter) were placed in 0.2 mm mesh nylon lit- 
terbags of 15 cm x 20 cm. Litterbags of each stand were ran¬ 
domly placed on the forest floor in March 2009 on sites where 
existing litter on the forest floor had been removed. To ensure 
that the litterbags were in good contact with the soil, the bags 
were attached to the forest floor by wooden pegs. In each plot 24 
litterbags were placed on the ground and two litterbags were 
removed monthly for one year for mass and carbon analyses. 
Litter decomposition rates were calculated as k-values from 
equation (Olson 1963). 

Soil carbon output 

Respiration was measured from March 2009 to March 2010 us¬ 
ing a Li-8100 soil CO 2 flux system (LI-COR Inc., Lincoln, NE, 
USA). Three PVC collars (10 cm inside diameter and 6 cm high) 
were installed in each subplot for soil respiration measurements. 
One day before the first measurements, the collars were inserted 
5 cm into the soil. Within each collar, all aboveground parts of 
living vegetation were removed with minimal soil disturbance. 
All measurements were done twice per month, every 2 hours 
during the day and every 3 hours during the night (Wang et al. 
2011a). To minimize measurement errors and equipment damage, 
all measurements were taken on sunny days without precipitation 
and/or high winds. Soil temperature and moisture were measured 
simultaneously with respiration at a depth of 5 cm in the vicinity 
of the collars. 

Soil properties 

In each of 3 plots within the 4 stands (12 plots in total), three soil 
samples were taken within 1-2 m of the centre of the respiration 
collars at a depth of 0-20 cm at 3 month intervals from March 
2009 to March 2010. After removing visible roots and organic 
residues, each soil sample was divided into two sub-samples. 
One sample was immediately sieved through a 2-mm mesh and 
stored at 4°C until the analysis for microbe numbers (described 
below). The other sub-sample was passed through a 2-mm sieve 
and subsequently air-dried for soil organic carbon content. Soil 
bulk density was determined by collecting three samples with a 
bulk density corer (diameter 5 cm) at the same depth range at the 
0-20 cm depth of each plot and drying to constant weight. Soil 
organic carbon content was digested in JUCnCb-ftSCL solution 




Journal of Forestry Research (2014) 25(3): 621-626 


623 


using an oil-bath heating and then carbon concentration was 
determined from titration (Ministry of Forestry 2000). Bacterial 
and fungal populations were enumerated by a conventional dilu¬ 
tion-spread plate method (Wollum 1982). Bacteria were enumer¬ 
ated on 1% PTYG (peptone-tryptone-yeast extract-glucoseagar) 
and fungi were enumerated on RBA (Rose-bengal agar) medium. 
Bacterial and fungal colonies were counted after 7 d at 21-23°C. 
|3-Glucosidase activity was measured following the method of 


Tabatabai (1982). The 0.1 M maleate buffer (pH 6.5) of 4 mL 
and 50 mmolL' 1 M p-nitrophenyl-|3-D-glucopyranoside (1 mL) 
were added to soil (1 g) and the reaction mixture was incubated 
at 37°C for 1 h. The p-nitrophenol in the filtrate was determined 
colorimetrically at 410 nm. Cellulase activity was determined 
with 0.7% carboxymethyl-cellulose as substrate, and the incuba¬ 
tion time was 24 h following the method of Schinner and von 
Mersi (1990). 


Table 1: General characteristics of different-aged plantations of Chinese fir 


Four age classes 

Altitude (m) 

Average diameter at 

breast height (cm) 

Mean tree 

height (m) 

Stand density 
(stem-hm' 2 ) 

Canopy cover¬ 
age (%) 

Soil temperature 

(°C) 

Soil moisture 

(%) 

7-year-old 

260 

7.5 

4 

2955 

50 

15 

20 

16-year-old 

290 

14.5 

13 

3275 

90 

10 

27 

23-year-o Id 

298 

16 

14 

1385 

75 

15 

23 

29-year-old 

280 

18 

18 

1155 

60 

14 

21 


Data analysis 

Estimation of soil organic carbon density (SOCD) 

SOCD (kg m‘ 2 ) was calculated by the following formula: 

S f = C, x D j x 20 x (1 - /*) /100 (1) 

where. Si is the SOCD (kg-nr 2 ) at the 0-20 cm soil depth of the 
ith Chinese fir stand; Ci, D h 20 and Pi are the soil organic carbon 
content (g-kg -1 ), the average soil bulk density (g-cnr 3 ), the 
thickness (cm) and the volume percentage (%) of the fraction >2 
mm of soil horizon in the ith Chinese fir stand. 

Statistical analyses were conducted using SPSS Version 11.5 
for Windows (SPSS Inc., Chicago, IL, USA). All comparisons 
were performed using analysis of variance (ANOVA) followed 
by least significant difference tests between means of differ¬ 
ent-aged plantations. Significance levels were set at p <0.05 in 
all statistical analyses. Data were calculated as arithmetic means 
with standard error. 


Results 

Litter production and decomposition rate 

The litter dry matter and decomposition rate during the devel¬ 
opment of the trees over 29 years are shown in Fig. 1. Litter fell 
throughout the year, but there were seasonal fluctuations with a 
peak in autumn. As stand age increased, annual litter dry matter 
deposition increased (but not significantly), about five-fold from 
the young to the mature plantations. However, the litter decom¬ 
position rates decreased between the 7-year-old and 16-year-old 
plantations, and then increased significantly from the 16-year- 
old plantations to the 23-year-old plantation, to a peak in the 
29-year-old plantation. 


Soil respiration 

Respiration ranged from 0.52 to 1.18 t-ha' 1 -a' 1 (Fig. 1), with the 
highest values recorded in the 7-year-old plantation. After a 
marked decrease in the 16-year-old plantation, Respiration 
peaked again and returned to a rate similar to the 7-year-old for 
both the 23 and 29-year-old stands. 

Soil organic carbon density 

SOCD decreased by 16.39% from the 7-year-old to 16-year-old 
plantations and then increased between the 16-year-old and 
29-year-old plantations to exceed the value of 7-year-old planta¬ 
tion (Fig. 1), suggesting change of soil carbon cycling with in¬ 
creasing plantation age. 

Soil microbe properties 

Soil microbe properties of the four Chinese fir plantations are 
listed in Table 2. Counts of bacteria and fungi decreased 
significantly between the 7-year-old and 16-year- old plantations 
and then increased with increasing age, particularly in the 
29-year-old plantation. The enzyme activities of |J-glucosidase 
and cellulase decreased (but not significantly) from the 
7-year-old to 16-year-old plantations and then generally in¬ 
creased significantly in the 29-year-old plantation. 


Table 2: Microbial properties (per 1-g soil) in surface soils (0-20 cm) in 
plantations of Chinese fir of four ages 


Four age 

classes 

P-glucosidase 

(mg) 

Cellulase 

(mg) 

Bacteria 

(to 5 ) 

Fungi 

(10 4 ) 

Actinomycetes 

(to 4 ) 

7-year-old 

0.41c 

0.10c 

8.5a 

3.48b 

2.55a 

16-year-old 

0.38c 

0.09c 

7.1b 

2.17c 

1.03c 

23-year-old 

0.53b 

0.20b 

7.4b 

2.35c 

1.32c 

29-year-old 

0.83a 

0.30a 

8.0a 

5.93a 

1.79b 


Notes: Data are means. Different letters denote significant differences be¬ 
tween plantations at a=0.05. 
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Fig. 1 : Carbon budget in different-aged plantations of Chinese fir a . a A, B, C, D in figure 1 are litter production, litter decomposition rate, soil respiration, soil 
organic carbon density, respectively. 

with litter decomposition rate and respiration in all four age 
Correlation of soil organic carbon density to soil properties, soil stands. The strongest correlations were between litter decom- 
carbon input and output position rate and soil organic carbon density in plantations (r x 3 = 

0.741) and the effect was nearly direct. Effects of microbe 
There was a highly significant correlation between soil organic numbers and enzyme activity on soil organic carbon density 

carbon density and microbe properties, litter and respiration were due mostly to the indirect effect of litter and respiration. 

(Table 3). Microbe properties were significantly correlated 

Table 3: Path analysis of the direct and indirect effects of soil microbial properties and carbon budget on organic carbon density in different-aged planta¬ 
tions of Chinese fir a 


Item 

Xi~*Y 

Y 2 ->7 

x 3 —*y 

X 4^7 

Y 5 —>7 

Y 6 —>7 

Y 7 —>7 

Yg—>7 

r x 

Y, 

0.560 

-0.381 

-0.196 

0.342 

0.221 

0.007 

0.117 

0.143 

0.621 

y 2 

0.024 

0.595 

-0.174 

0.110 

0.186 

0.023 

0.120 

0.066 

0.741 

y 3 

0.105 

0.068 

-0.569 

0.337 

0.335 

0.196 

0.225 

0.234 

-0.670 

Y 4 

0.048 

0.520 

-0.302 

0.154 

0.115 

0.157 

0.022 

0.135 

0.733 

y 5 

0.102 

0.121 

-0.206 

0.175 

0.122 

0.165 

0.219 

0.103 

0.450 

Y 6 

0.244 

0.164 

-0.295 

0.114 

0.135 

0.155 

0.025 

0.198 

0.646 

y 7 

0.106 

0.214 

-0.317 

0.127 

0.142 

0.124 

0.157 

0.162 

0.583 

Yg 

0.235 

0.127 

-0.246 

0.091 

0.084 

0.264 

0.021 

0.136 

0.552 


Notes: a Y. X\ , X 2 , Y 3 , Xy, Y 5 , Yg, Xj, Yg is soil organic carbon density, litter production, litter decomposition rate, respiration, bacteria, fungi, actinomycetes, 
(3-glucosidase, cellulase respectively. The decomposition of the overall correlations between soil microbial properties, carbon budget and soil organic carbon 

density are direct coefficient and indirect coefficient. For example, i'yxxPyxi^i'xi xXvxx^i'xi xPvx:i~ XrxixsPws, where Pyxi in straight line represent direct effect 

X\ on soil organic carbon density, rxix:Pyx 2 , fxixiPyxs and rxixsPyxs represent the indirect effect X\ on soil organic carbon density via Y 2 , X 3 and Yg. 

which could be related to the increase in above-ground biomass, 
in particular the leaf biomass (Nakane 1995; Wang et al. 2010). 
Discussion Ma et al. (2007) also found that above-ground biomass of Chi¬ 

nese fir plantations in Fujian Province increased very signifi- 
Plant litter input is the major pathway for the return of organic cantly (p<0.01), from 41.8 t-ha‘ 1 -a' 1 in 8-year-old to 118.0 

matter to soil (Wang et al. 2008). Litter production and decom- t-ha' 1 -a' 1 in 24-year-old plantations. Chen (1998) reported that 

position rates are used to estimate carbon input from vegetation total Chinese fir tree biomass increased significantly with in¬ 
to soil (Zhang and Wang 2012). In this study, litter production creasing plantation age. Thus, litter plays a key role in material 

increased significantly with increasing plantation age (Fig. 1), cycling in forests (Sheng and Yang 1997). 
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Litter decomposition rates decreased between the 7-year-old 
and 16-year-old plantations, and then increased significantly in 
the 23-year-old plantation. The trend of increasing litter decom¬ 
position rate with increasing plantation age is in accordance with 
increases in abundance of soil microorganisms. Many studies 
have suggested that the variation of litter decomposition can be 
well explained by soil microbe properties as described for the 
rhizosphere and detritusphere soil (Tarafdar and Jungk 1987; 
Kandeler et al. 1999). 

Litter production and decomposition rates in Chinese fir plan¬ 
tations were low compared with plantations of other tree species 
and this resulted in lower soil organic carbon content. These 
differences could be attributed to chemical and physical differ¬ 
ences in the litter of coniferous versus broadleaf plantations, the 
former containing more components that are difficult to decom¬ 
pose, which results in litter accumulation on the forest floor and 
less carbon incorporation into the mineral soil (Berg 2000; Wang 
et al. 2009). An additional factor is the more difficult or slower 
degradation of cellulose resulting from low soil activity in soils 
of Chinese fir plantations (Yan et al. 2004). 

Respiration, the major pathway for carbon output from forest 
ecosystems, accounts for 60-80% of total ecosystem C output. 
Respiration increased between the 7- and 16-year-old plantations 
in the current study, a trend reported by others. For example, 
Tedeschi et al. (2006) showed that respiration in 16-year-old 
Mediterranean oak stands was lower than in 10-year-old and 
1-year-old stands. Saiz et al. (2006) found that respiration of the 
youngest stands was significant higher than in older stands. Soil 
respiration rate was closely correlated with the biomass of soil 
microbes and their activity (Fisk and Fahey 2001; Zhu et al. 
2009). Similar patterns of microbe numbers in Chinese fir plan¬ 
tations were reported in other studies (Wang et al. 2011b). In this 
study, soil microbe numbers in the 7-year-old plantation were 
higher than in the 16-year-old plantation, which may partly ex¬ 
plain the low respiration in 16-year-old plantation. The changes 
of microbe numbers could be related to changes in soil tempera¬ 
ture and canopy coverage with increasing stand age (Brown 2006; 
Yan et al. 2011). Canopy coverage was greatest in the 
16-year-old plantation and soil temperature was lowest. This 
suggests that conditions for microbes were less favorable in this 
stand age, resulting in an ecosystem with slower soil carbon 
cycling. The 7-year-old plantations had the least canopy cover¬ 
age and more soil microorganisms, which might have facilitated 
soil carbon cycling. 

The variability of soil carbon cycling in forest ecosystems is 
complex because it is composed of several different components, 
including environment and carbon input and output (Potter et al. 
1997; Turner and Lambert 2000). It was evident that 7-year-old 
plantations had the lowest litter production and decomposition 
rates and the highest soil respiration rate compared to other 
plantations (Fig. 1). Higher SOCD values in the 7-year-old stand 
compared with the 16-year-old stand might be attributed to the 
woody debris left on the soil surface after harvest. In the tradi¬ 
tional silvicultural system, Chinese fir was planted on clear-cut 
sites in natural broad-leaved forests. Wells (2002) recorded 
younger roots were much more likely to die than older roots. 


Thus, the decomposition of dead roots soon after harvest would 
also likely lead to high levels of soil organic matter and respira¬ 
tion. 

Litter decomposition was limited by microbe numbers in the 
16-year-old plantation where there was high canopy coverage. 
Although carbon losses by respiration decreased significantly 
from the 7-year-old to the 16-year-old plantation, it always out¬ 
stripped carbon return through litter decomposition. Our results 
suggest that SOCD declined because carbon inputs did not com¬ 
pensate for carbon outputs with increasing plantation age. This 
showed the greater investment in aboveground carbon by the 
young plantation to establish and maintain the biomass system 
supporting the demands for water and nutrients during this phase 
of rapid growth. Thus, to promote the cycling of carbon in plan¬ 
tations it is important that trees be adequately thinned (Nakane 
1995). 

The contribution of litter decomposition to carbon return in¬ 
creased significantly, however, from the 16-year-old to the 
23-year-old and 29-year-old plantations (Fig. 1), thereby provid¬ 
ing a source for replenishing soil carbon removed by respiration. 
The significantly increasing trend of soil organic carbon occurred 
up to the age of 23 years in plantations that had been thinned. 
However, the current harvest practice at the age of 20 years is 
inappropriate for Chinese fir plantations. We found the increase 
of SOCD was not significant between 23-year-old and 
29-year-old plantations. Thus extending the rotation length 
should help to maintain soil fertility and even enhance productiv¬ 
ity. This conclusion is supported by Ma et al. (2007), who re¬ 
ported that prolonging rotation length should be considered for 
maintaining soil nutrient status in the management of Chinese fir 
plantations to avert possible reductions in productivity in succes¬ 
sive rotations. 

Conclusions 

Our study showed that soil carbon cycling varied with plantation 
age in Chinese fir plantations. Litter and respiration directly af¬ 
fected soil carbon content. Soil microbe numbers and enzyme 
activities had indirect effects on rates of litter decomposition and 
respiration, and on soil carbon content. When trees were growing 
under the same climatic conditions, the changes in soil carbon 
cycling under each plantation were mainly controlled by the 
levels of carbon input and output, and by environmental condi¬ 
tions. This suggests that plant-microbe-soil interactions in soil 
are an integral component of the influence of forest age on soil 
carbon cycling. As stand age increases, carbon cycling in Chi¬ 
nese fir plantations is increasingly dominated by biological pro¬ 
cesses and becomes less dependent on carbon sources in litter. 
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